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Abstract 

We argue that the detection of neutrinos from SN 19S7a implies that axion emission 
from the collapsing star must not have been significant. The best axion supernova limits 
come from nucleon bremsstrahlung processes which involve axion-quark couplings rather 
than the electron or photon couplings used in obtaining axion limits from red giants. The 
&on-quark couplings a,re less sensitive to specific asion model parameters and therefore 
are capable of yielding a model independent lower bound on f”. Quantitatively this yields 
an axion coupling limit of f* 2 S x 10” GeV (or equivalently m, s 9 x 10U5 eV). This 
approxhes the upper bound on .f, of < 4 x 10’” GeV from c OS ological density arguments. m 
While the bounds do not exclude t,he a,sion, if the a,xion exists, it must dominate the 
cosmological mass density. This s&me argument can also be applied to analogous couplings 
for any particle with m < 50 MeV. 



The detection of neutrinos from SN 1987a by Kamiokai and IMB’ has provided us 
with a new laboratory for testing exotic processes. In particular, it is known3 that through 
neutra.1 currents, all types of neutrinos will be emitted during a gravitational collapse 
in roughly equal amounts. Thus - l/6 come out as detectable p,‘s if there are three 
generations’ and if no other kinds of particles are emitted. The total amount of energy 
available to be radiated as neutrinos is the neutron star hincling energy, - 3 x 10s3 ergs. 
Thus if more species of neutrinos exist. or if some other species of particle is a,lso emitted 
from the stellar collapse, then the fraction of binding energy emitted as V,‘S will be reduced. 
This argument has previously been used to set limits on the number of neutrino flavors.‘vs 
In this paper we extend the argument to constrain axionsG ((or other (pseudo) Nambu- 
Goldstone bosons). 

Peccei and Quinn’ proposed a globa, (pseudo) symmetry whose spontaneous break- 
down led to the existence of an almost massless (pseudo) Goldstone boson, the axion, to 
solve the strong CP problem.* The original a.sion, however, iutemcted t,oo strongly and 
had a mass and lifetime which were escludcd by laboratory esprriments’j a.s well as astro- 
physica. data.‘” Dine, Fischler. a,nd Sretlnicki (DFS)” modified the Peccei-Quinn proposal 
to yield a much more weakly intera,ctiIlg-“invisible”~a,x-ion which .~as not in violation 
of laboratory and/or astropl~ysical’2~‘3 constraints. The couplings of the DFS invisible 
axion to electrons and photons were constmined from Red Giants i.’ lx requiring the axion I 
cooling not to prevent helium ignition. 

In what followsl we calculate limits on the axion decay consta,ut j(,, which can be 
related to the asion ma,ss and coupling’s 

m, N i.2 x 10-5(1012 GeV/f,)(z) (1) 

gae = 4(cos? /3)(%/f<,,) (2) 

IloN = CANr)lNlfa (31 
where gue,~, is the asion coupling to electrons (nucleons). C~‘,,,,v(cos” p) contains the details 
cf the quark content of nucleons WC discuss in more detail below x~d $ is an arbitrary angle 
depending on t,he Higgs sector of the low energy theory. For rsu~mple, if there xe two 
Higgs doublets H and I? giving masses to up a,nd down quarks respectively; with vacuum 
expectation va.iues ‘~1 = (H) a.nd 6 = (H), toss ;7 = t)s/(t? + (5’). One should be aware that 
in t,he literature, there a,re several conventions for the norma,liza,tion of f<, (e.g. Bardeen 
a,nd Tye’” take ja + l?fa), 

The best limit to date on .f, has been the red giant limit,” 

f* > 1.4 x lOi cos? /9 (4) 

For comp,arison one should remember that the cosmologicrd upper l~ouud’7 on $ is 

(where N is the number of quxks with Peccei-Quinn chxges, us~ially ta,ken as the number 
of quark flavors; we assume N = 6). The bound (5) is for a Standxd Big Bang Universe 
where a,11 angles of the zion field are ar~eraged over. In an iuAa.ting universe only one 

3 



angle is selected since only one primordial horizon gives us the present universe. Thus, 
depending on the value for this angle, the limit may be increased accordingly. Recently 
it had been suggested” that because of the extreme conditions that were present during 
the collapse of SN 19S7a, one could improve on the lower bound on fu. Though the result 
of reference 6 was comparable to the red giant limit, this calculation requires correction 
and here we will discuss the supernova limit in more detail. One should also note that all 
of the previous limits depend on the undetermined angle ,/3, whereas our supernova limit 
below is valid for all values of 0. 

As we will see, for gravitational collapse events such a,s SN 19S7a, the dominant ax- 
ion production is via nucleon bremsstrahlung processes rather than lepton or photon a- 
ion production processes. Thus the supernova constrains quark-a,sion couplings and so 
complements the red giant limits on electron and photon axion couplings. The previ- 
ous limits on quark-aion couplings came from neutroon-star cooling18 where a limit of 
fa > 6 x lOa - 3 x 10” GeV was obta.ined but was sensitive to a,ssumptions about nuclear 
structure. We will see that a significantly better limit can be obta,ined from the supernova 
and that it is stronger than the red giant limit. It should also be remembered that it 
is conceivable for aion models to be created without clect,ron-a,sion couplings but that 
quark-axion couplings of some type we always present. 

To obtain our asion limits we have to evaluate asion emission r&es in the density- 
temperature regime appropriate to the final core collapse. This is a regime n,t fx higher 
temperature (T - 1 to 70 MeV) than that utilized in red giant calculations (T - 0.1 
MeV), and above the electron-positron rest mass, so that previous techniques did not 
apply. Also, unlike the red giant case where stel1a.r evolution is domina,ted by photon 
emission and diffusion time scales, the later stages of stellar evolution (carbon burning 
and beyond) are dominated by neutrino emission. Until the final colla,pse when the density 
p exceeds - 2 x 10” g/cm3, the star is transpxent to the neutrinos which free stream 
out. of the star. Hence for p 5 2 x 1O’l g/cm3 If the axion emission rates at a given 
temperature are below the neutrino emission rates, the neutrino emission fully dominates 
and asions have little effect. Thus the most restrictive aion limits are expected to come 
once densities exceed - 2 x 1O’l g/cm3 and the core is opaque to nemrino propagation 
(a “neutrinosphere” forms) but the more weakly coupled asions are still able to escape 
from the higher temperature interior. (A more quzmtitative discussion of xioll mean-free- 
paths will be given later.) Red giant and neutron star cooling xguments suggest that the 
axion, if it exists, must couple sufficiently weakly to be in this regime. The kmperature 
of the neutrinosphere is T( v,) - 3 MeV, T( L/,~, v,) - 6 MeV, and the centra,l core reaches 
T- TO MeV. Thus neutrino emission is characterized by the rates at tcmpcra,tures more 
than an order of magnitude below the axion emission temperatures, a.nd yet we know that 
neutrino emission dominated for SN 1987.x. It is this effect that enables interesting limits 
to be obtained. 

Axion Emission Rates 
To determine our limits on the axion decay constant ja, we will consider the following 
processes: 1) compton scattering off electrons, y + e + n + e; 2) election-positroll aim- 
hilation, e+e- + y + a; 3) plasmon decay, y + y/ + a and 4) nucleon-nucleon scattering 
N + !‘IT + IV + iV + a. As we will see it is the last of these which is dominant during 
a supernova collapse and therefore gives us the strongest limit on ,fCL. The limits on the 
axion-electron couplings are not as restrictive as the previously quoted limits from red 
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giants. 
We begin by discussing the electron processes. The rates for compton scattering and 

annihilation have been calculated. At very high energies the cross sections for these two 
processes are equal’” 

rye-ae = oee-a7 = 2Tyae In s/me2 (6) 

for center of mass energy squared s >> 17x,’ where c1 = l/137 is the fine structure constant 

and gae = (47rcu,,)“* 1s the coupling of asions to electrons. 
The cross-sections (6) yield an energy loss rate given by 

R= 
3.2 x 1O47 

4T3p 

where 

I n,m = (8~) 

fz = (ez - 1)-l, z = m,/T @b) 

For our supernova collapse with T N 70 MeV and p = lOI g/cm3, we find II ,2 ‘Y 52. 
I~J N 9: Jl,l N 15, 12.2 P 99 and R n. l.S x 10““cu,, erg/g s1 which for a 0.5 IIJ~ central 
core (at these conditions) gives L = 1.S x 10r3cu,, erg/s which, over the duration of the 
collapse (- 10 seconds) yields a, total energy output of E = l.S x 10’40,,, ergs a,nd can be 
compared to an allowed excess over the neutrino output of Eamaz = 3 x 10j3 erg. Thus we 
arrive at the limit cy, < 1.7 x 10m21 or fa > 1.4 x 10’ GeV cos2/3, 

At very high densities we might expect plasmon decay to produce an even higher energy 
loss rate as is the case with neutrino emission. However, unlike neutrino emission or asion 
emission at low temperatures by plasmon decay the largest energy SC& in the problem 
is the temperature. We expect that in the limit of interest where the plasma frequency 
ir’ >> m,, as well as T >> ,n, the order of ma,gnitude of the matrix element. is given by the 
conventional anoma,lous triangle diagram with the electron treated as a massless fermion. 
Therefore. we have approximated the matrix element for the decay by 

lMl* = 
e4 co2 p 
4?r4f 2 ~,,vo,j ~““‘~fl;~p,k, 

a 

where p, 1; are the plasmon and axion 4.momenta respectively. From equation(9), we find 

a totkl decay rate r” = 
2 

&++ and an energy loss rate L1 

R = 4cPwT” cod p 

(27r)5.f‘L2P 
Jy;71T dxfz lZu,, “&.fy 

F 3.65 x 103’ cos4 /3(lGeV/f$erg/gs (10) 

where w N 25 MeV (at T=70 MeV and p = 1Pg/cm3). This corresponds to a total energy 
output (assuming M = .5Ma a,nd At = 10 seconds) E = 3.7 x 10e4 cos” ,8(1 GeV/f,,)‘ergs 
and the limit (taking 3 x 10s3 ergs in axions) of fa > 3.5 X 10’ GeVcos’ b which is not 
competitive. 

5 



Because of the extreme nucleon density during collapse, it is important to consider the 
emission of axions due to nucleon-nucleon scatterings. The axion-nucleon couplings can 
be written down by starting from the axion current’5 

jl: = P - c1 +r+ wpiiy,~5u + r+d + wsy,,y5s) (11) 
JP ‘PQ = faapa + C xiFiYr%Qi (12) 

In these equations, 
zrmU,,~m, 

md ms (13) 

which we estimate to be z = 0.5G5, ‘w = 0.029 respectively, N is the number of quarks 
coupling to the asion, assumed here to be 6, and in the generic models discussed here 

x,L f x‘d = 2, X<[ = x,, a, - x,1 = -2 cos 2p. 

Gathering terms, we can rewrite (11) as 

(14) 

j; = f”q,a + (2u - 

+(xd - 

+(x3 - (15) 

To determine the couplings to nucleons, we need the matrix elements (pIQiy,Lysqijp) F 
s,‘+ where s,& is the proton spin, a,nd the isospin relations (pl~y,ys+) = (~zI&,,,^/5dln), 
(pldy,,ysdjp) = (+~~^/szlln) and (plSy,yss~p) = (+~,~yssln). One combination of the 
(~~~;y,‘~s~&) (Ayi) is fixed by neutron P-decay: 

Au - Ad = gA = 1.25 (16) 

Another combination is fixed by hyperon P-decay data and flavor SU(3) symmetry for the 
bxyon octet. This assumption fits the available data on hyperon b-decay very well and is 
normally used to extract from them the value of the Cabibbo anglezO It leads to 

Au+Ad-2As=3F-D=0,6S2 (17) 

where we have inserted the experimental value F/D = 0.63 which differs slightly from 
the naive quark model (NQM) value often assumed, and used yA = F + D. An extra 
assumption is needed to d&ermine completely the three (Pl~iiY,‘YsqiIP). Conventionally it 
has been” assumed that (pl~y,y~slp) = 0 which has the physical meaning that strange 
qua.& carry none of the nucleon spin. In this case one would have 

NQ&f:{ tl_“i”14} (18) 
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Recently, an alternative estimate of the (PI~iY,~~s~iIP) has become possible,” based on 
the EMC collaboration33 measurement of the spin-dependent muoproduction stnxture 
funct,ion gT(z,Q2). In the framework of QCD, 

s 

1 

II 
dxgf(x,Q’) N l/2 c &;3Aqi 

where the operators we renormalized a.t the momentum scale Q in the case of the EMC 
data. If one neglects any dependence on Q2 between the scales Q2 << 1GeV’ of neutron 
and hyperon ,/-decay and the scale QZ 2 10&V’ of the EMC data,* one can use the EMC 

measurement sb dxgf(z,Q*) = 0.113 f 0.012 f 0.025 together with equations (16) and (17) 
to obtain 

.,,:I %“~;;i;} (20) 

We regard the differences between the estimates (l&20) as indicative of the uncertainties 
in estimating the matrix elements (pIqiy,,*/sQilI)). The effective a&n-nucleon couplings are 
given in terms of these by 

a{jYy5p[(xU - 3.76)A~ 

+czd - 2.13)Ad + (2, - O.ll)As] 

+~?‘.O[(X, - 3.76)Ad + (zd - 2.13)A~ 

+(x9 - O.ll)As]} 

or in terms of cos ‘78 (14): 

(21) 

a{~?-/sp[(-2.76 - cos2fl)Azl 

+(-1.13 + cos2/3)Ad + (0.89 - cos2/3)As] 

+nys?7[(-2.76 - cos2p)Ad + (-1.13 + cos2/j)Az~ 

+(O.S9 - cm 2g)As]} (22) 

where we have used the numerical values of z: w in the a.bove. Finally, we can collect terms 
using both t,he KQM and E,MC values for Aqi to determine the couplings gnn and gap, 
using equation 3. 

c’,, = 
{ 

-4.7 - 2.5 cm 2@ ; NQM 

-3.1 - 2.0~0~2~ ; EMC I 
(23) 

c,, = 
-.61 + 2.5 cm 2~j ; NQM 

.93 + 3.0 cos 2p ; EMC (24) 

* This assumption has been questioned by J&e’” but no large source of Q*-dependence 
has yet been identified. 



One should note that these expressions for CA can lead to significant differences in the 
final results with respect t,o the naive choice of CA = 1.25. 

Because axion production by nucleon scattering is more significant than the previous 
processes, we will discuss it in more detail. Iwamoto” had calculated the energy loss rate 
for asion emission using neutron-neutron bremsstrahlung. To calculate the matrix element 
he assumed a one-pion exchange graph with a pseudo-vector (derktive) coupling of pions 
to nucleons. Iwamoto’s estimated the matrix element for this process to be 

[Ml2 = 256~1~~ (25) 

where 4r.f” N 1 is related to the pion-proton coupling and k is the momentum transfer 
between ueutrons. 
I<ang” find 

Using a pseudo-scalar coupling of axion to nucleons Pantziris md 

m”N I’d* 
(lkl* + m?,)’ 

(26) 

which would lead to an enhancement of the emission rate by a factor O(10’). Both of 
these estimates are uncertain due to more complicated nuclear effects. However, we be- 
lieve that because the pseudo-vector coupling at low energies gives better agreement with 
experimental cross-sections, and it is in any case more conservative we use the rate of 
Iwamoto. 4 more detailed ca,lculation of this rate using low energy N-N scattering directly 
is in progress. 26 

From equation (25), Iwamoto” derives an exp ression for the energy loss rate due to 
asion production in neutron-neutron scattering 

= 8.2 x 10”3(1GeV/f~))2C,2,(P12Xm)1’3T~evF(~n) ergs/cm3s (27) 
(we ha\;c: divided I wamoto’s result by a factor of two to take into account t,he identical 
pa.rticles in both the initial and final states) where pi is the neutron fermi momentum 

ZW(?Z) = Wb,j 113 

= 50.9(p12X,)1’3 MeV (28) 

and I !, ,l is the number density of neutrons, X,, = m, ~12 = p/10” g/cm3, z, = 

?~a,/2pi;(,r~r) and F(z) = 1 - zz tan-’ ($) + z2/2(r2 +” 1). For the energy loss due to 
proton-proton sca.ttering, we can use charge independence a,ncl 

ip = 8.2 x 1043(1 GeV/f,)2C,Z,(p12X,)1’3T~.VF(~,) ergs/crn3s (29) 

For t,he energy loss clue to neutron-proton scattering, we must correct the above rates. 
First t.hcrr is a fact,or of 4 because n and p are not identical particles, but there is also a 
factor of l/2 due to the normalization of the superposition of np and pn. More importantly, 
t,heI-e arc two isospin channels for n-p scattering rather than one for n-n or p-p scattering. 
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In addition, it is simple to check that the I = 0 channel is 9 times more important thus 
resulting in an additional factor of 10. Collecting these factors we find that 

i,tp = 1.6 x 1045(1GeV/fa)2((Cap + C,,)/2)“(p12)1’3 

x((qy” + “p”3)/2)T&,v F(%p) ew/cm3/s (30) 
where z “P = nz*/(PF(ra) + Pi+)). 

Before calculating the limit on the decay constant fa, we must check the conditions 
under which asions produced in the collapse actually escape. If we consider therefore the 
scattering of asions by nucleons, for T << rn~ we can use the cross-section for a+e -+ y+e 
with the appropriate substitution of m, --i nzN and gae -+ gan so that” 

(31) 

where q is the axion energy. The mean free path for this process has been calculated’3 

where 

1-l = (5.1 x 1o1” cm-‘) ,“,4::Efs $+‘+, A) 

I(+ A) = 
J 

2(42? + 3+z 
&2+3)‘l2-X + 1 

(32) 

(33) 

and A = p”/kT. We find that I = 5 x lO-‘g;z cm and that 12 10” cm for qan < 2x lo-’ or 
,f, 2 0( 10’) GeV being the condition for asions to escape due to scatterings off nucleons. 
We can also compute the mean free path for t,he three hody process n + N + N + N + N 
given by 

I-’ ti &r’/(2.‘7)T” (34) 
wherl? E = i, + i,> + i,,, and 2.7T is the average axion energy. We find in this case that 
1 E 4.64 x lo-‘“,f; a,ncl tahat 1 - lo6 cm for fa - lOlo GeV, but that aions continue to 
escape unless .f, < lOa GeV. 

Iwamoto’s calculation was appropriate for the degenerate nucleon limit of neutron 
stars. However. for stellar collapse, this limit must be looked at with more care. We 
find from our collq~se c&ulation4 that $F N 1 in the region where p > 1Ol3 g/cm3 and 
FE = P,, +?~,v’. To check on the validity of using the degenerate formula we took Iwamoto’s 
genera.1 fornlula 

E,&fjv = - 1 fi v 
‘V [ 1 

$Eawp 4PlM4(l - nba))(l - 4%)) 1 (35) 

where 

w = v(27r)“s”(cP)lAq/ fi 2&V (36) 
,=1 

?md evalua.tecl the integrals assuming 7 << 1. We find, neglecting blocking factors and 
taking iM\” = 2.56nx~qaNI that 

F = 3.1 x 1044T&,v(1GeV/f,)2[C,2,P12E] ergs/cm3 s (37) 
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for neutron-neutron bremsstrahlung. By evaluating e throughout the p, T plane assuming 
X, = 1, X, = 0 for both degenerate and non-degenerate limits, we find that the degenerate 
formula is a good approximation in regions near y = 1. We find that the degenerate 
formula smoothly merges to the non-degenerate formula when y < 1. 

For a stellar model to use in numerical evaluation of the axion energy loss we use the 
1.64& model of Mayle and Wilson 27 Using the temperature, density and composition 
structure versus time for the 1.64 Ma model, we calculated the energy loss due to axion 
production for this core by integrating equations (27) to (30) over time and the volume 
of the core. Note that this is not a self-consistent c<alculation of axion production as the 
energy loss to axions is not fed back into the evolution of the core. However, it does serve as 
a first estimate of the value for fa, and allows the dependence of fa on @ to be seen without 
doing many different self-consistent calculations for different p, which is computationally 
expensive. We determine a. value for ja by requiring E,=iO, < E, = 3 x 1O53 ergs, in which 
case the neutrino signal from SN 19S7a would have been very different from the signal that 
was seen. Typical values for the abundances are X n N 0% and X, N 0.12 which vary 
with time and over the structure of t,he core. In this case we find 

fa 2 
.76(1 + .oTS cos2$ + .OsZ co? e/3)“’ x 10’“GeV ; NQM 

.34(1 - .16 cos 24 + .64 cos2 Z/3)“* x 10”GeV ; EMC 
(38) 

Normalizing the NQM value of fti at /3 = 0 to unity, we display f. as a function of p in 
figure 1. 

Notice that all possible values of $ yield constraints on fa. This is in contrast to 
previous limits on f, utilizing only the electron coupling to axions and occurs because the 
sum of pp, nn? a.nd np rates compensate for variations in any individual rate due to @ 
dependences. 

As previously mentioned, the above estimate of j’a suffers from the fact that the energy 
loss t.o axions was not fed I>&; into the evolution of the core. To remedy this, we chose 
to recalculate the evolution for the 1.64 AJa core including the axion production rate self- 
consistently. We took the NQM values of C,,, and C,,, for 0 = 0, along with equations (27) 
to (30), and did two new evolutionary calculations for j’a = .4x 1012 GeV and fa = .8x 10” 
GeV. The results of the calculations can be seen in figures 2 and 3. The duration of the 
electron antineutrino signal is greatly shortened when f. = .4 x 10” GeV, terminating in 
about 5 seconds (a, 12 second duration was seen at the Kamioltande-II detector). When 
.f, = .S x l@’ GeV, the signal is about 7 seconds in duration. Thus, if the core studied 
here wa,s anything like the collapsed core of SN 1987a., we can say that fa > .S x 10” GeV 
for the above axion coupling model, or the neutrino signal would have been very different 
from that seen. 

The variation offa with p for self-consistent calculations should not be much different 
from that seen in figure 1, and taking the critical value of fa to be .S x 10” GeV for the 
p = 0, NQM ca.se using Iwamoto’s nmtris element (26), we show in table 1, the sensitivity 
of the critical fa v&e to other a~ssumptions, such as using the Pantziris and Kang’” matrix 
element instead of that calculated by Iwa,moto,‘* or using the EMC rather than the NQM 
values of c,, and C,,. All a.re more restrictive than the neutron star cooling limits and 
t,he red giant limits and a.ll approach the cosmological density limits of 2 4 x 10” GeV. 
Note that a, lower limit of SC,, 2 S x 10 I1 GeV corresponds to an upper limit on the msss 
of the axion of 9 x 10m5 rV. 
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Uncertainty in our calculations also arises from the initial model for SN 198i’a and the 
assumed supra-nuclear density equation of state employed. Mayle and Wilson” studied 
three different models for SN 19S7a. They found only one of these models (a 1.64 Ma 
core) gave good agreement with the observed neutrino detections. One of the other models 
studied by Mayle and Wilson, a 1.27 1va core, emitted neutrinos for about 6 seconds before 
the luminosity fell to values unmeasurable at the Earth. The peak temperature reached in 
this model was 35 MeV, and although this core would not explain t,hr neutrino detection, it 
does give an estimate of the range in temperatures seen in collapsing cores, when compared 
with the peak temperature of 70 MeV seen in the 1.64 i\‘r, core. Iwamoto’s matrix element 
(26) really should be written using an effective nucleon mass, nzk, rather than with mu, 
the low-density nucleon mass (- 940 MeV). Most of the axion emission comes from regions 
of the core where densities are about four times normal nuclear matter density (7.5 x 1014 
g/cc). In order to see the importance of neglecting the difference between the effective 
nucleon mass and the low-density nucleon mass, we compared the equation of state used 
in the study reported in Mayle and Wilson27 with au equation of state that included a 
value of 772*N given by Ink, = m,v/(l + bp) with b > 0, along with a. relativistic Fermi gas 
treatment of the nucleons (A pxticles and pions were dso i~~clddj. For a given energy 
density a,nd matter density, the t,emperat,ure increases when the effective nucleon mass 
is used (n7.k < m.~). It is found that this rise in t,emperautre half compensates for the 
smaller nzfy in the formula for the energy loss rate (i.e. n7,‘h,T6 - constant). Thus equation 
of state uncertainties may contribute about a factor of 2 uncertainty in &on energy loss. 

We have shown that the detection of neutrinos from SN 19S’ia, constrains axion cou- 
plings to va,lues approaching their upper bounds from c,osmological density arguments. 
These results make it unlikely that any axion search experiment sensitive only to stronger 
couplings will succeed. It also meitns that axion models must be tuned to escape simulta- 
neously our lower bounds and the cosmological density limit upper bound. 

The supernova limits come from the nucleon-axion couplings as opposed to the electron 
and photon axion couplings used in the red giant limits. I3 However most axion models have 
quad-asion couplings since the <axion is supposed to be rela,tecl to the strong CP problem 
whereas not a,11 conceivable models have electron-axion couplings. However, noll-standard 
axion models may have couplings with AT # 6 in which case our limits sl~oulcl be scaled 
by ;V/6. The xguments ca,n be extended to any other scala.r or pseudo-sca1a.r particle of 
ma,ss < 50 MeV which couples to quarks and so woulcl be emitted during the collapse. 
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Table I 

p ) Model 1 ONNrr n f (10” GeVj 

Lower limits on fa scaled from the first entry which uses the results shown in figures 1 

and 2. Two values of p, different coupling models (NMQ and EMC), and pion coupling to 

nucleons (pseudo-vector as assumed by Iwamoto or pseudo-scalar as assumed by Pantziris 

and Kang) are displayed. 



Figure Captions 

Figure 1. The relative values of f0 (normalized so that fa for /3 = 0 for the NQM model 
with Iwamoto’s matrix element is unity, i.e. j, = f,/O.82 x 10” GeV) from equation (35) 
required for equal energy loss to axions and neutrinos, versus angle p for NQM and EMC 
models using Iwamoto’s matrix element. 

Figure 2. Emitted energies in neutrinos (v) and axions (a) versus time for three models- 
model 1: ,f, = .4 x lo’*, model 2: fa = .8 x lOI’, model 3: fa = co. All the above used 
,5’ = 0 in the NQM model with Iwamoto’s matrix element. 

Figure 3. Antineutrino luminosities vesus time for the three models of Figure 2. Ob- 
servationally, neutrinos were emitted for 12 seconds. 
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